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The long-awaited measurement of the rate of u-absorption on

protons couid_. conceivably use hydro@;eri in eny form, but there are
technical advanteges in working with ligquids, as in bubble chambers.
Hovever many physicists have expressed pessimism about the utility of
such an experiment, because in liquid Ha muOnsb form pep = p
molecular ions ("mulecules") in addition to p - p atoms. The purpose
of this note is to show how it is nevertheless possible o interpret
tlhe obs’emble rate of muon absorption in liquid hydrogen in terms of
the bagic pouy interaction. The main problem ig to calculate the rate

for the processg

pep~p=en+ysp (1)

in terms of the muon absorption in etoms; because of the extreme spin
depemdence of the V - A intemction,}' this requires knowledge of the
orlentation of proton and muon spins as well as the overlap of their
vave functions at the instant of absorption. The problem is more
complicated than has been realized. Almost all of our remarks will
apply 1;0 5011d as well as to liguid hydrogen, and we wili confine

ourgelves to the case of isotopically pure ﬂ‘llsa .

This work was performed under the ausplces of the United States

Atomic Energy Commission.
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The only two bound orbital states of the p = pu - p systen”

are o parc lsog | gz'oiugd' state with rotational angular momentum L = O
and' binding encrgy 27T év, and a lsog ortho state with L = 1 which
is AE = 148 ev highér.‘ The formation of these statés by election
ejéction in.a collision of & p - p atom with an H, molecule is‘
espectively an EO or El process, and hence the ratio of the

formation rates is of qrder5 :

"22,”,,.-1»__'.»
PARY/ORTHO ~ k"8 ~ 2¢10 o (2)

vhere Kk, Iv is *bhe vave number of the ejected electron. _Actuailly,
detailed calculaticxwa show this ratio 4o be less than 3 » 10"'5,

. B0 virtually all mlecules are formed 1n the ortho gmte.

| | It ccems furthermore that the mulecules formed in the ortho state

stay thex'ev during the few microseconds of muon lifetime. If we define

the ortho - pera electric dipole transition matrix element o be

1¢e]feglo)| =eaD e

_then the rate for de-excitation accompanied by ejection of an electron

-from a hyGrogen molecule in a collision is

c;)e(o - P)

' 2 &k 2
G e
16 w nemeau e D/)}e

2.7 + 1000 1% sect .

#

(Ve hove taken n, to be the number density of electrons in &

52 -3 N
bubble chamber, ne = 3.5« 10 R y and set k = mﬂ

vhere AE = 148 ev, and EH 15.6 ev is the eloc‘cron separation enercy
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in H2.) It is also possible that the mulecule forms "ordinary" atoms
or molecules with electrons and protons from the l:i.(,:s_u:!.d..h The rate o
. in such a system A
' for Auger ~ ortho - para conversionais azain given by (&), with a,
. ’ . ' :
replaced by the density n - of bound electrons at the p - p~p .

If, for example, we take n . = 1Vn a,” then

12 .2 1

@,(0+?) = 61w (0=P) = 1.6+ 10°° D% sec™ .

(5)

O0f course, both ®, and w, &xe muchiarger than the radiative

conversion rate,

aoy(() - P) = nae)? au‘? e? Dgf,/'j = 8.1+ 107 p% sec™t .

(6)

According to (&), (5), end (6), we would need 2 2 10°7

fqr any significant ortho - para conversion to occur during the mon
lifetime, even if electrons were bound to all milecules. It is
unlikely that the E1l <rensition mouent is this larges The ortho
end para states heve total proton sping §,=1 and 8, =0, and the
only effects thﬁ'i; can glve rise o an L) matrix element between
such states are impurities in the states ,5 or the electric moments
generated by moving magnetic dipole@..6 The first effect would glve
at mozt a D of the order of the amplitude of the lsou (L = 0O,

5, = 1) odmixture in the para state, vhich can be estimated roushly as
a typical magnetic intexraction evergy, czh m“ ~ 0.3 ev, divided by
the nindpmm energy difference bepween lsog and lsou states vhose

vave functions overlap eppreciably, roughly 3 Kev, giving an amplitude
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of about 107" Of course D .is much epaller than this, since the
lsou pmra mpunity will not have pori'ect over]ap with the lsog ortho
wave f\mction. The second effec*t ment:.onol would commbu*’a,e to D ean
emount of omez» 2. 79 &/m ~ s 20 T, If D were this small, El
conversion would tas:c as. 1onr as would be cxnccted Lor conversion by
M2 transitions.
De'«-.eﬂtci;éé.tiéi: bjr .réarrangement cbliisions of the p - p - p
Vwith’ Ha moleculef‘ is not retarde& by the necessity to flip spins,
'bm“.. is hopeleusly slow bccause of the hz,g,h Coulomb ba:r'ri The Cross
section for 0rtho - pa.ra canvorsion by this process contains the
fam:z.‘iiar fac.tor e G where G 2:;'/13’? £ and ﬁe» is the 1uit ml'
PeR=-p veloci‘ty. In ord@r that G < 100 y the p = @ - p would
have to have kingtic energy greater than 200 ev, and this is lmpossible
as 1t 1e formed vu’ch 0.02 ev, and IcT < O.GO 3 eve
The fact t‘vw. process (1) occurs f:com £he ortho state would not
complica'be matters badly if it were correct ( as seems ‘to hmfe been
previously as.sumed) that ortho mulecules had definite total spin_
(sm + gp)g = 8(8 + 1). It has been showa! that if @(s) is the,.ra’c@
for (1) in such states, and @, 1s the rate for muon absorption in

p - u atoms with total spin F , then

'w(l/@)- = 2 % (% @, * %ml) ' (7
én(é/e-) -2y e | (8

wh:?.ch may be cm“g_}a.red with the smaller abgsorption rate in para mzlecules

cu(PM{A) n 2 7?'( ,; @y + g% cbl) . . (9)
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Here 70 » are the ratios of the muon density at one of the

”
_protons in an ortho or \pam mulecule (averaged over the separation
between protons) to the muon density at the proton in @ p ~ u atom.

Using the CJR wave functions, we have found tmts
2,7b = 1,165 27, = 138 . (10)

These values are subject to correc‘i:ionsg of order mp‘/mP due to
admixture of higher oz*bii:als than 1s0g «

0f ecourse, § is a gocd quontum number only 1f the forces
coupling %} and ﬁm to L are ignored. In this lowest approximation,
the ortho gstate forms a degenerate quintuplet of states l J, 85 ) which

n

we can take with definite values of & and {8 + §13 + L) = 3T + 1);
e 101, 11 3 3 1, 3

1?&1@ guaves are; l 5B 2 l B ?’? )5 ! 55 >9 ‘ "g'» ':'é,):

-2—, ‘;‘ } « The degeneracy among them is actually lifted by megnetic

end relativistic effects which split the quintuplet into five states
, . i .
{ \{:n } separated by encrgies of order o mpﬂ = 0.3 ev, with total
‘ 1 .
anguley monentun Jl = dJ 5 ® B JB
five states still retalns a 2 Jn + l-T01d degeneracy, which plays

= dy e 'g? ’ '3'5 =2, (EBach of these

2

no role here. The fleld needed for a Paschen-Back effect iz of order
109

7 gauss. )

ohs

It is ezsy 4o show thet the 8 = % and 5 = components of

:
the true encrgy eigenstates | ¥ ) don't interfere in reaction (1) if
n
=,
no atteupt is mede to measure the momentum or lzolariza'i;ion of the
left~over proton. PFurthermorve there is no interference among the
"\"'n ;) seitates, since thelr eneryy separation is much larger than
10
e

their natural width of 3 « 10 ve Hence the rate for (1) is glven

as the sum
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q}mp =g o(y2) v (;-_ 6) w(;/a) | (11)
vhere . _ ' A
t=cRe | (12)
: . n ‘
oy 2 g
b= 1Ty s=3 1yl (&= 0) (13)

e

and Pn ) ;§~tlze'§>rg?g§abi}.ity‘ of “the §r£hé> mulecule occupying | v, )
at the insm{:v'qf,_éﬁéérﬁbion. .

:tﬁig*easyféé‘égnu;éte;@he relative probabilities Pné'-for
fdm.atioxixvci‘,the_ i’ivaortho ..srtatea. Since the mulecule is foried from
a proton end an. §“;¥Q':p?gu aton™® 1t has s = £ initially, end-hence

’ vo' 2 J’n +1

.Pn m --——‘6——-—— gn .b (lli-) |

B‘urbhermore » it ceens reasonable Lo puppese that no si@ificmm numbey,
6f transitions smong the_: N«n ) occur during th;e mion lifetime. The
Coulomb barrier prevents rearrangerent collisions 511 ML radia*biﬁé
transitions Xvould take a day; and probably M1 conversion in collisions

with H2 molecules is very slow because the energy -avw:!.‘labie is

insufficient for electron ejection. Assuming then that ‘Pn = ,no,

we obtain

2J +1
" n gi-’

. n (15)

£ = 5
n

and our problem reduces {0 that of computing the gn'. However, there .
is one importent result that can be derived without any calculation.

Since g, + &, & 53 +§, = 1, it follows directly from (15) that



<& £ 1 | (16)

ol

viereas in general we would only know that 0 < § < 1, If we cccond

T

that ®y ~ =0 Wy 5 then because we cannot have € near gerxo it is

safe tO ap}g;fo:{imate
wp — : g )
X = Cbpup/wo = (2 70) % ¢ (27)

and furthermore the neutrons emitted should have almost 100% longitudinal
polarization.
The Hewiltonian H' that couples k’n R Qp’ and L tokes ble

@cmml form

| - P &Y, w G 3, ) . 8 .
H' = El%pzi + Ea%;{, +* E)“‘; ﬁp

1 in avrge 2 fee e
¢ B(HEED » 5 G, WE D - Sn))
o« 2 Loa )
B (T ¢ Bl - k) (18)
vhich yields for the tﬁ,n »

61 2 ( ‘
5 )
(19)
1 /_,2:’{‘: 2 }4}510 ; E) - gﬂr' 2 -vl ’(2
bs= L= = 5 A2+ [1+5 B 2 .
v “ \ Qe * o O 4 4T H
\.3).1 + B, 9@5 P, o+ NEG
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The coefficients Es May be caleculated from the formilae:

7 \
) f - . ] , h _3
1A
o (21)
e2
E, = . (22)
woDp
2
Bx & u_ | .
Fm m_
oD o
3 o B
_ 5 mu ‘&.Y;
| 5 &f e
E‘,‘3 = Mé“- ,(25)
‘ 5n

vhere u.p = 2,79, and ri,j == { P 133 ! . ‘.Dhg first “’c_;ex"m in El
reprasents the zpin-orbit force on the protons; EQ and the second term
in El conme from the magpetic interasction between the pzﬁ‘ben momez"ztum
end "t:h;e e and proton spins; E3 and Ey, come from the :I_n“e‘;emction';
batween proton and muon mag«,:neﬁic momer;ts; and E5 arises from _'Ehe
interaction batween protén magnetic momen*i;é'. We have not carried out -
the necessary integrations to oblain the E 3 munerically, as it

seems most in@cx'tant at this stage- to show that the task is straighte

forvard,



O

Since eone muon absorptions will occur with muons s%ill in
F=0 peuatons, the observed total rate of all absorptions in
liquid hydrogen is

w

abs mo(l * ’W)/l Yy

vhere y 1is the product of the muon mean life times the rate per
p-~pratomof pe-p=p Fformation. According to CJR, ¥y = 1hk.bk

at a proton muber density n_ = 3.5 Z!.O22 cm"5 . 8ince x {as glven

b ‘
by {17), (10), and (16)) must be botveen O0.44 and 0.83, the value of

@, determined by a measurement of B s (and colculation of x) will

be quite insensitive to the precise value of y , providing y idsn't
oo smalls
It iz possible to test many of our sogumpbions by measuring

L4

abg OVEY @ range of hydrogen aanai’c.i(é‘s\\. If CJR ave corvect, verying

. ., P
n from 1.8 to 4.5 10°° o {possihle in a counter experiment)

would chenge y from T.h to 18.9, giving according to {17) o decrease

13

in o of between 1% end 8f., If an carlicr caleulation”, giving

abs
a y five times smaller than that of CJR, were coryeet, then the

decreagse in @

s Yould be between 2.5% and 1656, If our estimntes

are wrong, end ortho - para conversion becomes important et the highor

.~ densities, x and

abg o0 drop by almost a factor of 3, while it
b5 . .

ortho = ortho transitions became important O va could rise or Fall.
. L2

The author has berefited from conversations on these maticrs

with & great many physicists, and would particularly like o thank
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